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In the present study, we have evaluated the effect of M2AA, a more potent and more stable analog of EP, on sepsis-induced AKI and multiple organ failure. Our group (54) recently reported that chloroquine (CQ) improves survival of CLPinduced sepsis and reduces renal injury; others have shown that CQ improves survival following hemorrhagic shock (7) and protects mice challenged with oligodeoxynucleotides containing CpG motif (CpG-ODN) and LPS (16) . In the present study we have examined the effect of M2AA and CQ and compared the involvement of the spleen in their mechanisms of action by using splenectomy. We hypothesized that a combination therapy with two effective drugs, which have different mechanisms of action, might have a synergistic benefit. Therefore, we also examined a combination treatment with M2AA and CQ.
METHODS

Animals.
Animal care followed the National Institutes of Health (NIH) criteria for the care and use of laboratory animals in research, under a protocol approved by the National Institute of Diabetes and Digestive and Kidney Diseases animal care and use committee. Male CD-1 mice (7-9 wk; Charles River Laboratories, Wilmington, MA) had free access to water and chow before and after surgery.
Polymicrobial CLP sepsis-induced AKI. CLP was performed as previously described with some modifications (5, 33) . Our group (5) has previously reported, as have others (23) , that the length of the ligated cecum determines the severity of sepsis and, ultimately, survival, kidney dysfunction (33) , and liver damage (3) (4) (5) . In this study, we ligated the cecum at 12 mm to obtain a model of moderately severe sepsis. The cecum was punctured twice with a 21-gauge needle, gently squeezed to express a small amount of fecal mate-rial, and then returned to the central abdominal cavity. In shamoperated animals, the cecum was isolated but neither ligated nor punctured. The abdominal incision was closed in two layers with 6-0 nylon sutures. After surgery, 30 ml/kg body wt of prewarmed normal saline was given intraperitoneally (53) . All animals received antibiotic and fluid therapy subcutaneously (imipenem/cilastatin, 14 mg/kg in 1 ml of normal saline at 6 h and 7 mg/kg in 1 ml of normal saline at 18 h after surgery). Twenty-four hours after surgery, blood was collected by cardiac puncture for measurement of serum markers of organ injury and cytokine responses. Kidneys, liver, and spleen were fixed in 10% neutral buffered formalin.
Splenectomy. Splenectomy or sham splenectomy was performed immediately before CLP surgery. An incision was made in the left flank, and the spleen was isolated. The splenic pedicles were ligated using 4-0 silk sutures, and the spleen was removed. In the sham splenectomy group, a flank incision was made, the spleen was isolated, but the pedicles were not ligated and the spleen was not removed. The incision was closed using 6-0 nylon sutures.
Treatment with M2AA and CQ. M2AA (Sigma-Aldrich, St. Louis, MO) at the dose of 8 mg/kg dissolved in normal saline (0.3 ml) or an equal volume of normal saline was injected intraperitoneally at 0, 6, or 12 h after CLP surgery. CQ (50 mg/kg; Sigma-Aldrich) dissolved in 0.3 ml saline or an equal volume of saline was administered by oral gavage 3 h before CLP surgery. In the splenectomy and combination therapy treatment, the control CLP group received vehicle 3 h before and 0 h after CLP, the CQ group received vehicle at 0 h, and the M2AA group received vehicle 3 h before CLP.
Survival study. Survival after surgery was assessed every 6 h within the first 48 h and then every 8 h for 4 days. Antibiotic injection (14 mg/kg imipenem/cilastatin) and fluid resuscitation (1 ml of normal saline) were started 6 h after CLP by subcutaneous injection and then repeated with less antibiotic (7 mg/kg imipenem/cilastatin in 1 ml of normal saline) every 12 h for 4 days. Morbidly ill animals were euthanized.
Blood chemistries and cytokine measurements. Blood urea nitrogen (BUN), aspartate transaminase (AST), alanine transaminase (ALT), amylase, creatine kinase (CK), and lactate dehydrogenase (LDH) were measured using an autoanalyzer (Hitachi 917; Boehringer Mannheim, Indianapolis, IN). Serum creatinine was measured by HPLC (57) . TNF-␣, IL-6, IL-10, and IFN-␥ were measured by ELISA (R&D Systems, Minneapolis, MN).
Bacterial abundance in blood and peritoneal fluid. Peritoneal fluid or blood was analyzed for the presence of bacteria by dilution plating onto blood agar (Remel, Lenexa, KS) and colony counting after 24-h incubation at 37°C. Bacterial counts were expressed on a log 10 scale.
Quantification of NF-B activation. The activity of NF-B p65 was measured with a TransAM NF-B family transcription factor assay kit (Active Motif, Carlsbad, CA) as previously described (5), using 100 g of whole cell extracts from kidney, liver, and spleen tissue. Values of each sample were normalized to a positive control: Raji nuclear extract (Active Motif).
Histology. The 10% formalin-fixed, paraffin-embedded kidney sections were stained with periodic acid-Schiff (PAS) reagent (SigmaAldrich). Histological changes in the cortex and in the outer stripe of the outer medulla (OSOM) were assessed by quantitative measurements of tissue damage by a blinded observer. Tubular damage was defined as tubular epithelial swelling, loss of brush border, vacuolar degeneration, necrotic tubules, cast formation, and desquamation. The degree of kidney damage was estimated at ϫ200 magnification, using five randomly selected fields for each animal, by the following criteria: 0, normal; 1, area of damage Ͻ25% of tubules; 2, damage involving 25-50% of tubules; 3, damage involving 50 -75% of tubules; and 4, 75-100% of the area being affected.
Immunohistochemical analysis of active caspase-3 in spleen. Immunohistochemical staining of 4-m paraffin sections was performed as previously described with anti-active caspase-3 antibody (Cell Signaling Technology, Beverly, MA) (4). Active caspase-3 staining, a marker of apoptosis, was examined in five randomly chosen ϫ200 fields of white pulp and expressed as positive cells per high-power field.
Statistical analysis. Differences between the groups were examined for statistical significance by performing Student's t-test or analysis of variance (ANOVA) with an appropriate correction. Comparisons between survival curves were performed using a log-rank test (SigmaStat 3.1; Systat Software, Point Richmond, CA). A P value Ͻ0.05 was accepted as statistically significant.
RESULTS
M2AA improved survival and kidney dysfunction after polymicrobial sepsis. We determined whether M2AA altered sepsis-induced mortality, renal dysfunction, and liver injury in young outbred CD-1 mice treated with fluid and antibiotics. Intraperitoneal M2AA (8 mg/kg) given immediately after CLP surgery altered sepsis-induced mortality and organ injury in CLP. Survival at 96 h after CLP was 39% in M2AA-treated mice and 11% in CLP with vehicle-treated mice. (P Ͻ 0.05; Fig. 1A ). M2AA treatment immediately after CLP also significantly reduced, by 24 h after surgery, kidney dysfunction evaluated as serum creatinine and BUN levels ( To explore the clinical potential of M2AA, we tested its window of therapeutic opportunity. M2AA (8 mg/kg) was given at 6 h after CLP surgery, when clinical symptoms first appear, or 12 h after CLP. M2AA administered at 6 h after CLP significantly attenuated kidney and liver dysfunction; however, M2AA was not effective when given at 12 h after CLP (Fig. 1 , B-G). We also tested additional doses (4, 8, and 40 mg/kg), all of which improved kidney function; in contrast, 80 and 400 mg/kg M2AA did not improve kidney function (Supplemental Fig. 2 ), which may be related to toxicity at those doses. At 80 mg/kg M2AA, four of six mice died within 18 h, and at 400 mg/kg M2AA, five of six mice died within 6 h. Therefore, to maximize the efficacy and yet minimize the risk of toxicity, we used 8 mg/kg M2AA in all subsequent experiments.
M2AA reduced splenocyte apoptosis in polymicrobial sepsis. The spleen is injured in sepsis; splenocyte apoptosis is associated with the severity of sepsis outcome and can contribute to immune depression (17, 19 -22) . EP reduces apoptosis both in vitro and in vivo (6, 44, 48) . Therefore, we administered M2AA at 0, 6, or 12 h after CLP and evaluated the effect of M2AA on splenocyte apoptosis by active caspase-3 immunohistochemistry at 24 h after CLP. The apoptotic cells were found mostly in the white pulp of spleen but not in kidney or liver, as previously reported (4). M2AA administered immediately or 6 h after CLP, but not at 12-h delayed treatment, significantly reduced splenocyte apoptosis ( Fig. 2 and Supplemental Fig. 3 ). Although spleen injury and liver/kidney injury occur by apparently different mechanisms (apoptosis associated vs. apoptosis independent, respectively), the therapeutic window for damage to both organs is similar (Figs. 1 
, B-G, and 2).
M2AA improved cytokine response in polymicrobial sepsis. Sepsis increases pro-and anti-inflammatory cytokines; the balance between pro-and anti-inflammatory cytokines is associated with severity of sepsis (10, 36, 41, 46, 49). Our group previously reported increases in proinflammatory cytokines TNF-␣ and IL-6 (4, 15, 54, 55) and an anti-inflammatory cytokine IL-10 in our CLP model (3, 5, 54) . Therefore, we determined the therapeutic window for M2AA treatment to reduce CLP-induced increases in the proinflammatory cytokines TNF-␣, IL-6, and IFN-␥ (Fig. 3, A-C) and the antiinflammatory cytokine IL-10 ( Fig. 3D) . M2AA administered at the time of CLP or 6 h after CLP inhibited both pro-and anti-inflammatory cytokines, suggesting a balanced inhibition of inflammatory pathways. However, when administered 12 h after CLP, M2AA did not significantly inhibit the cytokine response (Fig. 3 ), in parallel with the therapeutic window for kidney, liver, and spleen damage ( Figs. 1 and 2) .
Time course of NF-B activation, splenocyte apoptosis, kidney dysfunction, liver injury, and cytokine response in CLP sepsis. M2AA had wide-ranging effects, preventing and preempting (at 6 h but not at 12 h) kidney, liver, and splenic injury. We wanted to find an early, transient, and locally activated signaling pathway inhibited by M2AA that might explain both the 6-h therapeutic window of M2AA (Figs. 1,   Fig. 1 . Methyl-2-acetamidoacrylate (M2AA) improves survival, kidney dysfunction, and liver injury after polymicrobial sepsis. A: survival analysis of control cecal ligation and puncture (CLP; solid line, n ϭ 18) or M2AA at 0 h after CLP (shaded line, n ϭ 18). *P Ͻ 0.05 vs. control. B-G: kidney function evaluated as serum creatinine (Cr) and blood urea nitrogen (BUN) levels (B and C), kidney tubular histology damage score in the cortex (D) and outer stripe of the outer medulla (OSOM; E), and liver function evaluated as increases in alanine transaminase (ALT; F) and aspartate transaminase (AST; G) at 24 h after surgery in sham group (n ϭ 8) or groups treated with vehicle plus CLP (n ϭ 8 -11), M2AA 0 h after CLP (n ϭ 9 -11), M2AA 6 h after CLP (n ϭ 9 -11), or M2AA 12 h after CLP (n ϭ 7-10). *P Ͻ 0.05 vs. vehicle plus CLP.
B-G, and 3) and the localization of apoptosis to the spleen (Supplemental Fig. 3 ). NF-B plays a critical role in both inflammation and apoptosis and in organ injury. Moreover, EP and its analogs, including M2AA, can directly inhibit NF-B activation in vitro (38) . Therefore, we determined the time course of NF-B activation, active caspase-3-mediated apoptosis, and organ injury in spleen, liver, and kidney examined responses of inflammatory cytokines. NF-B levels were significantly elevated in the spleen as early as 3 h, reached a maximum value at 6 h, and then decreased (Fig. 4A) . In contrast, NF-B activation in kidney and liver increased gradually and reached a maximum at 24 h. We found evidence for apoptosis in the spleen (Supplemental Fig. 3 ) but not in liver or kidney (data not shown). Splenocyte apoptosis was significantly increased after 12 h and maximal at 24 h ( Fig. 4B and Supplemental Fig. 4 ). In contrast, kidney and liver dysfunction were not significant until 12 h (Fig. 4, C and D) , although in both cases, organ injury followed NF-B activation. In our model, TNF-␣ was increased at 6 h, although the other cytokines (IL-6, IFN-␥, and IL-10) increased at 12 h (Fig. 4, E and  F) . Both the cytokine response and organ dysfunction were maximal at 24 h. Interestingly, early NF-B activation preceded organ damage/dysfunction in the spleen, kidney, and liver. These data suggest that 1) the sepsis response occurred very early (3 h after surgery) and that all of the parameters had already reached a high level at 12 h, which might explain why delayed treatment with M2AA at 12 h was ineffective; and 2) the decrease in NF-B activation in spleen, kidney, and liver might decrease the damage to each organ in sepsis.
M2AA reduced NF-B activation in spleen, kidney, and liver. NF-B activation preceded splenocyte apoptosis, appearance of inflammatory cytokines, and organ injury; the activation at 6 h in the spleen was particularly striking (Fig. 4A) . Most of the organ injury was maximal at 24 h. Therefore, we evaluated the effect of M2AA on NF-B activation in spleen at 6 h (because of its early activation) and in kidney and liver at 24 h. We found that M2AA reduced NF-B activation in the spleen at 6 h and also in liver and kidney at 24 h and after CLP surgery ( Fig. 5 and Supplemental Fig. 5) .
Target of CQ, but not M2AA, was localized to the spleen. Our group (54) recently showed that CQ reduces the mortality and organ injury from sepsis, in part, via inhibition of TLR9 receptors, which are maximally expressed in the spleen. In the current study, we found that M2AA inhibited mortality and organ injury, in part, by inhibition of NF-B activation. Since NF-B is activated early in the spleen, we hypothesized that an early target of M2AA could also be in the spleen. Hence, both CQ and M2AA could act primarily in the spleen, albeit not necessarily acting on the same drug targets. Therefore, we determined whether the action of either CQ or M2AA could be prevented in splenectomized mice. Splenectomy or sham surgery was performed at the same time as CLP surgery to minimize compensation by other peripheral lymphoid organs. CQ or vehicle was administered orally 3 h before CLP and M2AA, or vehicle was administered intraperitoneally immediately after CLP. Interestingly, M2AA still reduced sepsisinduced kidney dysfunction, liver injury in splenectomized mice, and, to a lesser extent, TNF-␣ and IL-10 levels (Fig. 6) . However, after splenectomy, M2AA had very little residual effect on sepsis-induced IFN-␥ and, especially, IL-6 levels (Fig. 6) . Because M2AA inhibited organ damage without inhibiting all cytokines, a generalized inhibition of cytokines cannot account for the protective effect of M2AA on organ damage. Removal of the spleen in the absence of M2AA or CQ did not decrease CLP-induced organ damage or cytokine response, confirming a nonessential role for the spleen in the pathogenesis of sepsis (see DISCUSSION) . In contrast, CQ could no longer inhibit sepsis-induced cytokine induction or kidney or liver dysfunction in splenectomized mice, revealing that chloroquine is entirely dependent on the spleen for its action. Although both M2AA and CQ have drug targets in the spleen, the cumulative impact of M2AA on sepsis outcomes depends on drug targets in other organs such as NF-B activation in kidney and liver.
As further evidence that CQ and M2AA act via different mechanisms, we found that M2AA did not significantly alter the bacterial counts in blood or the peritoneal cavity at 24 h after CLP (Supplemental Fig. 6 ). In contrast, our group (54) previously showed that CQ reduced blood bacterial counts without affecting peritoneal fluid bacterial counts.
Effect of combination therapy of M2AA and CQ on survival and organ injury in CLP sepsis model. The divergent responses of M2AA and CQ to polymicrobial sepsis in splenectomized mice, as well as their different effects on blood bacterial counts (54) , suggested that these two agents might have different drug targets and pathways of action. Therefore, we examined whether a combination of both drugs might be synergistic. The survival rate at 96 h of control, CQ treatment, M2AA treatment, and combined treatment was 5, 38, 47.6, and 57%, respectively (n ϭ 21 per group) (Fig. 7A) . Both single-treatment groups improved survival compared with the vehicletreated group (P Ͻ 0.05), and the combination therapy group showed the highest survival rate, although the differences between combination therapy and single-treatment groups were not statistically significant because of the small number of animals relative to the incremental benefit of combination treatment. The same tendency of improvement was observed in organ injury and some of the cytokine levels (Fig. 7, B 
-E).
DISCUSSION
We evaluated the effects of the EP analog M2AA on sepsis-induced mortality and organ injury in an outbred CD-1 strain mouse model of polymicrobial sepsis; the outbred strain is more similar to the genetically heterogeneous human population than typically used inbred strains (5) . In this clinically relevant model of polymicrobial sepsis, we found that 1) M2AA improved mortality and reduced kidney dysfunction, liver injury, splenic apoptosis, and cytokine levels, even when treatment was delayed for 6 h; 2) NF-B from spleen, but not kidney or liver, was activated by 6 h after CLP and then decreased; 3) M2AA reduced spleen NF-B activation at 6 h CLP, yet also decreased splenocyte apoptosis at 24 h CLP; 4) after splenectomy, M2AA retained its effectiveness on sepsis, as indicated by almost all parameters measured, revealing that the spleen is not essential for M2AA action; 5) in contrast, CQ was no longer effective in splenectomized mice, as indicated by all parameters measured, identifying a spleen-specific target for CQ; and 6) despite apparently divergent mechanisms, combination M2AA and CQ therapy showed modest additivity.
M2AA improves survival, kidney dysfunction, liver injury, splenic apoptosis, and cytokine levels in polymicrobial sepsis. Previously, our group (2, 33) reported the effectiveness of EP in a mouse model of polymicrobial sepsis. Translation from preclinical to clinical studies has been difficult for EP because of its chemical lability. M2AA, an EP analog, shares similar biological and mechanistic properties with EP; it is antiinflammatory and is known to inhibit NF-B and IL-1 receptor-associated kinase (25) . Indeed, M2AA had a spectrum of action similar to that of EP in our mouse CLP model treated with fluids and antibiotics; both agents improved survival, reduced kidney and liver injury, and reduced both pro-and anti-inflammatory activities. M2AA had a shorter therapeutic window, since EP was active when treatment was delayed at 6 or 12 h, whereas M2AA was only active at 6, but not 12 h, after CLP. This shorter therapeutic window could be a consequence of several factors, including failure of M2AA to act on sufficient targets to reverse advanced organ damage, different pharmacodynamics of M2AA and EP, and/or additional beneficial effects of EP not found with M2AA.
Sepsis causes apoptosis in the thymus, spleen, gastrointestinal tract, and lung (13, 19, 20) . Splenocyte apoptosis in sepsis may contribute to the impaired immune response and accelerate the severity of sepsis (21, 22, 43) . Moreover, injection of apoptotic spleen cells into the CLP sepsis model accentuates the severity of sepsis (17) . EP inhibits apoptosis both in vitro and in vivo (6, 44, 48) . In the present study we found evidence for CLP-induced apoptosis in the spleen but not in kidney and liver; furthermore, M2AA administered at 0 or 6 h (but not 12 h) after CLP attenuated splenocyte apoptosis. It is not known whether M2AA inhibits splenic apoptosis by reducing sepsis severity or acting directly on splenocytes to suppress an apoptotic pathway.
Relationship of NF-B activation, splenocyte apoptosis, and cytokine response in CLP sepsis, and reversal by M2AA. We sought to find a pathway that was activated early, transiently, and inhibited by M2AA, since such a pathway might explain downstream responses, and the 6-h therapeutic window of M2AA. NF-B is a transcription factor activated in immune and endothelial cells and in cells undergoing rapid differentiation. NF-B is responsible for a broad spectrum of responses including inflammatory/immunoregulatory functions, apoptosis, adhesion molecule production, and cell cycle regulation (1, 32) . NF-B is known to be activated in many organs in sepsis models and has potent effects on downstream signaling pathways and tissue injury. EP directly inhibits p65 NF-B and thereby attenuates inflammatory responses in vivo (11, 38, 45) . Other EP analogs, including M2AA, also inhibit NF-B activation (38) .
Thus we evaluated the time course of NF-B activation in the spleen, kidney, and liver, organs with widely different pathological responses to sepsis, and compared findings with downstream events such as TNF-␣ and organ damage. NF-B activation occurred early (3 h in the spleen) and was followed by increases in serum TNF-␣ at 6 h. Other cytokines (IL-6, IFN-␥, and IL-10), splenocyte apoptosis, kidney dysfunction, and liver injury were detectable starting at 12 h after CLP. This is representative of a pleiotropic cytokine response during sepsis, where NF-B mediates the activation of many cytokines, and in turn, several cytokines can activate NF-B (32). Interestingly, although NF-B is activated in many organs after Fig. 5 . M2AA reduced NF-B activation in spleen, kidney, and liver. We evaluated the effect of M2AA on NF-B p65 activation in spleen at 6 h or in kidney and liver at 24 h. NF-B activation (normalized by Raji cell nuclear extract) in sham group (n ϭ 4 -6) or groups treated with vehicle plus CLP (n ϭ 4) or M2AA (n ϭ 4). *P Ͻ 0.05 vs. control CLP.
sepsis, the pattern of NF-B activation in spleen was quite different from that in kidney or liver. Splenic NF-B activation spiked early (maximum at 6 h), whereas liver and kidney NF-B slowly increased over 24 h. Apoptosis was also limited to the spleen and not detected in kidney or liver (data not shown). The finding that the surge of spleen NF-B activation precedes splenocyte apoptosis suggests a possible link between NF-B activation and splenocyte apoptosis in polymicrobial sepsis, although NF-B is typically antiapoptotic (1, 31, 32) with few examples of proapoptotic activity (26, 39) . The combined effects of M2AA on NF-B and apoptosis may be an improvement over strategies to specifically inhibit splenic apoptosis either genetically or pharmacologically (18) .
It is interesting that the slow increase in kidney and liver NF-B activation occurs without triggering apoptosis or local inflammation (data not shown). Indeed, NF-B activation is usually associated with local TNF-␣ production and subsequent triggering of an inflammatory response. The role of this paren- (A and B) , liver injury (C and D), and cytokine levels (E-H) were determined at 24 h after surgery in mice subjected to sham surgery (n ϭ 4 -6) or treatment with vehicle plus CLP (n ϭ 7-8), CQ (50 mg/kg) 3 h before CLP (n ϭ 7-8), or M2AA 0 h after CLP (n ϭ 6 -8). *P Ͻ 0.05 vs. vehicle plus CLP in nonsplenectomy group. #P Ͻ 0.05 vs. vehicle plus CLP in splenectomy group. chymal (i.e., kidney and liver cell) NF-B activation is unknown but could be responsible for resolving inflammation (29, 30) .
M2AA treatment in splenectomized mice and combination therapy with CQ. CQ has been shown to improve survival of CLP-induced sepsis following hemorrhagic shock (7) or in CpG-ODN-and LPS-challenged mice (16) . We recently showed that CQ reduced the severity of sepsis, including a reduction in sepsis-induced AKI, a reduction of splenocyte apoptosis, and an increase in systemic bacterial clearance. Most of the benefit from CQ might be attributed to inhibition of TLR9, one of several targets for CQ, and TLR9 resides primarily in spleen (54) . Similarly, M2AA reduces the severity of sepsis, and this benefit is also associated with a decrease in early splenic NF-B activation and a decrease in splenocyte apoptosis, consistent with a spleen-centered mechanism for M2AA. To address whether the spleen could be the common locus of these two anti-inflammatory drugs or even the site of a potentially unifying mechanism, we directly tested whether CQ and M2AA were still effective in splenectomized mice. The splenectomy or sham surgery was performed at the time of CLP surgery to minimize compensation from another lymphoid organ. The interpretation of the experiment is somewhat obscured, because splenectomy alone increased the severity of CLP-induced sepsis, including more severe clinical symptoms (data not shown), higher liver injury (ALT and AST), and higher cytokine levels (TNF-␣, IL-6, IFN-␥, and IL-10), consistent with increased mortality (27) . The spleen therefore contributes a net inhibitory effect on the inflammatory response during sepsis. However, this is not uniform, since serum IL-10 was increased over twofold with splenectomy/CLP, whereas serum creatinine was not significantly affected by splenectomy.
Factoring in this basal effect of splenectomy resetting the severity of sepsis, it is clear that CQ, as shown by every parameter we measured, is unable to protect against sepsisinduced kidney and liver dysfunction and increases in cytokines when the spleen is removed. The protective effect of CQ is dependent on one or more targets in the spleen. Although the beneficial effects of CQ are widespread, they evidently originate from the spleen. This is plausible, because TLR9 is found primarily in B cells and dendritic cells in spleen (12) , but the source of CpG DNA or an alternative TLR9 ligand during the course of sepsis has not been elucidated.
In contrast to CQ, the relationship between M2AA and the spleen is less clear. Despite an early, transient activation of splenic NF-B that coincided with the narrow window of therapeutic opportunity, much of the benefit of M2AA remained, perhaps because extrasplenic NF-B is either more important than splenic NF-B or becomes more prominent upon removal of the spleen. Even after splenectomy, M2AA significantly decreased all parameters, but the magnitude of the remaining benefit varied, ranging from IL-10 and TNF-␣ having the most intact M2AA response to IL-6 and IFN-␥ having a minimal residual M2AA response.
Therefore, extrasplenic NF-B activates most of the cytokines, whereas splenic NF-B activation may be involved in a subset of the cytokine response, but this distinction is revealed only after M2AA treatment: IL-10, TNF-␣, IL-6, and IFN-␥ are increased comparably when the spleen was removed in the absence of M2AA. This adaptive, context-specific complexity is a common theme for the immune system, including NF-B regulation (14) , Toll-like receptors (37) , and the cytokine network (56) . For example, splenectomy worsened an otherwise beneficial effect of nicotine in a mouse CLP model (24) .
Without completely understanding the mechanisms of CQ and M2AA, we nevertheless can conclude that these two agents have distinct mechanisms of action, where CQ acts, at least initially, on the spleen and M2AA is not dependent on the spleen. Further supporting this distinction, M2AA had no effect on bacterial load (Supplemental Fig. 6 ), whereas CQ significantly decreased bacterial load (54) . These differences provided a rationale to test M2AA and CQ as a combination therapy. The individual treatments (M2AA or CQ) and combined treatment (M2AA and CQ) showed significant improvement in survival, kidney and liver injury, and cytokine levels compared with control. Although we did not detect a statistically significant synergistic effect from combination therapy (Fig. 7) , the combination therapy group had the highest survival rate and lowest serum creatinine level. The failure to observe a statistically significant effect could be caused by insufficient numbers of animals (low power), particularly in the survival experiment; hence, it is difficult to draw any firm conclusions. However, in a different sepsis model, we have observed synergy between CQ and soluble FLT-1 using roughly the same number of animals. Thus the strategy of using drugs with nonoverlapping mechanisms is still conceptually valid, but the marginal effect of M2AA and CQ must be understood before further development of this particular combination. We speculate that there may be greater overlap between the two agents; perhaps one acts downstream of another, and their divergence at the level of the spleen may have little overall significance if other compensatory or parallel mechanisms blur the distinction between M2AA and CQ. There also may be a limit to using combinations of antiinflammatory agents, where the capacity to inhibit the inflammatory response becomes saturated. The remaining organ dysfunction that is resistant to M2AA and CQ may be mediated by downstream signaling components that are irreversibly activated. Alternatively, the remaining organ dysfunction may be caused by parallel mediators. In either case, identification of these targets, their time course of action, specific inhibitors, and windows of therapeutic opportunity should lead to better combination therapies with M2AA and/or CQ.
Conclusion. We have demonstrated that M2AA, a potent EP analog, improved survival and organ injury in a clinically relevant mouse CLP model. Delayed treatment starting at 6 h, but not 12 h, also improved sepsis outcomes. The mechanisms of its protection may include reduction of NF-B activation in different organs, leading to the decrease in splenocyte apoptosis and cytokine surge. M2AA still showed almost all of its protective effects in splenectomized animals but did not increase bacterial clearance, demonstrating that inhibition of splenic NF-B activation was not essential for the actions of M2AA. Since these latter two findings were not seen with CQ, the apparently different mechanisms of action provided a rationale for combination therapy. Finally, we found only a modest benefit of M2AA and CQ combination therapy; however, we speculate that combination therapy may be more effective when using drugs with vastly different mechanisms of action.
